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Abstract. The design, analysis and testing methods of the Aryabhata satellite struc¬ 
ture are briefly presented. The general requirements and constraints which formed 
the basis of the design of the structure are explained. The theoretical and experi¬ 
mental studies conducted to evaluate the structural behaviour under various environ¬ 
mental loads expected during ground operations and during flight are also described. 
The salient features of the fabrication procedures and the details of physical para¬ 
meters are presented. Finally the evaluation of the structure is made on the basis 
of the results of ground tests and the flight performance. 

Keywords. Satellite structure; structural design; structural design/structral confi¬ 
guration. 


1. Introduction 

One of the basic subsystems of a satellite is its structure. The design aims at a 
structure that will meet the known functional requirements of the satellite such as 
power and thermal control, look-out windows for sensors, and magnetic cleanliness 
with minimum weight and maximum reliability. On the basis of experience of other 
countries reported in the literature, one can evolve some guidelines as regards the 
selection of the overall structural configuration and materials. The structural design, 
however, is highly dependent on the mission requirements and the launch vehicle 
characteristics. In the Aryabhata structural design, an attempt was made to arrive 
at a reasonable compromise between the design objectives of minimum weight and 
maximum reliability satisfying all the functional requirements and constraints. 
Detailed theoretical and experimental studies were made to achieve this objective. 
Analytical techniques were employed for the theoretical analysis of the structure 
while the experimental studies, which formed the final basis for qualification, were 
conducted using available facilities. The experience now available in the country in 
aircraft structural fabrication was fully exploited for the fabrication of the Aryabhata 
structure. 

The requirements and constraints on the Aryabhata structure are detailed in §§ 2 
and 3. The analysis, testing and fabrication aspects are described briefly in §§ 4, and 
5, followed by a brief statement of the performance of the structure on the basis of 
the results of ground tests and flight performance. 


2. The functional and other requirements on the structure 


The satellite structure, apart from serving as a safe container for the various 
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subsystem packages, has also to meet several other requirements. The surface area of 
the structure, for example, has to meet the dual requirements of power and thermal 
control; the solar panels need to be fixed to the outer surface of the Aryabhata 
structure, and the passive thermal control system required some free exposed area 
for thermal treatment. To keep power fluctuations to a minimum, irrespective of 
the orientation of the satellite in inertial space, a quasi-spherical shape for a spinning 
satellite is ideal. These requirements had a significant influence on the choice of 
the shape of the structure. The structure was also required (i) to provide the 
necessary radiation shielding to the packages inside the satellite, (ii) to possess not 
more than the allowable maximum electrical resistance (less than 2-5 milliohms 
between the deck plate and skin, and less than 10 milliohms between any line 
points on the deck plate), and (iii) to be magnetically clean. Table 1 gives a 
comprehensive list of all such general requirements of the satellite structure. 

The overall size of the structure was dictated mainly by the dynamic envelope of 
the launch vehicle heat shield. Spin stabilization of Aryabhata called for fixing the 
moment of inertia ratio (IJI X ) around 1*4. This requirement had a significant 
influence on the choice of the structural configuration. 

One of the major considerations in the design of the structure is the loads acting on 
it. The satellite is subjected to the static and dynamic, handling and transportation 
loads on the ground; the severe vibratory, shock and static acceleration loads during 
lift-off and separation; and the thermal and centrifugal loads in orbit. The details 
of these loads are given in table 2. 


Table 1 . General requirements of satellite structure 


A. Functional requirements 

Housing all instruments and experimental packages 
Providing windows/cut-outs for sensors 
Supporting surface for solar panels 
Protecting the instruments from radiation 
Proper interface with the launch vehicle 

Provision for ground handling, antennae and jet nozzle mounting etc. 
Electrical contact resistance requirements (2-5—10 milliohm) 

Provision for thermal control 

B . Other requirements I constraints 
Minimum weight 

Size to suit heat shield dynamic envelope 
Surface area: thermal and power considerations 
Material: magnetic cleanliness, availability and cost 
Maximum accessibility 
Fabrication considerations 
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Table 2. General load specifications 


State of operation Type of load Load description 


1 Ground Phase 

LI Assembly and handling Static 

L2 Transportation (road) Static 

Vibration 

1.3 Transportation along 
with launch vehicle to 
launch pad (supported Static 

vertically) Vibration 

2 Flight phase 

2.1 Powered flight Static 

Vibration 


n z —n x =n y ~\^ (max. values, all separately) 
n x = 4, =4, a z =4 (all separately) 

fl z =0*5, at 4-7 Hz for 80 hr 


fly=l-5, fl z =l*5 

n ^= n oCUe} 5-6 Hz for 1 hr each 
«,= 10, b,=1'5, K y =l S (all separately) 


Hz 

5-10 

10-30 

30-100 

100-300 

300-1500 

Accele¬ 

ration 

0*2-1 

1-3 

3-6 

6-7 

7-10 

level in 
units of g 







2.2 Separation orbital phase Shock n z =8 for 10 ms 


3 Spin 90 rev/min 

4 Load factors 

1 During ground operation: 2 

2 During separation from 

rocket carrier: 1-5 

3 During flight conditions: 1-3 


3. General features of ‘Aryabhata’ structure 

Based on the above considerations the structural configuration of Aryabhata was 
designed as a 26-faced near-spherical polyhedron with the shape and overall dimen¬ 
sions as shown in figure 1. The structure was made so as to make fabrication and 
assembly procedures simple and reliable, and give better accessibility during inte¬ 
gration. The whole structure of Aryabhata was split into three parts; i.e., the bottom 
shell, the deck plate and the top shell (see figure 2 for details). A good majority of 
the instrument packages, including the tape recorders and chemical battery, were 
accommodated on the deck plate. The packages were fixed to the deck plate by 
means of a special framework. The bottom shell accommodated the gas bottles 
and other accessories of the spin-up system. The antennae, the package for the x-ray 
experiment and the magnetic sensors were fixed on to the top shell. Cut-outs/windows 
were provided at appropriate positions on the structure. The solar panels were fixed 
to the outer surface of the structure and the remaining exposed area on the surface 
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was used for the purpose of thermal control. The thin structural panels served as 
radiation shields, as a sensor base, and also provided for the necessary thermal control 
surface. To meet the interface requirements with the launch vehicle, four lugs 
were provided at the bottom of the satellite structure. 


4. Theoretical analysis and testing of structure 

To arrive at a viable and efficient structural design, a few cycles of iteration involving 
design, analysis and/or testing followed by a careful redesign are essential. In the 
present case, this procedure was followed within the severe limitations imposed by 
the project time schedule. On the basis of loads specified and other design inputs 
available from time to time, fairly detailed theoretical analysis and experimental 



Figure 1. Satellite geometry showing dimensions of the overall structure without 
solar panels and skin. 
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studies were conducted and the results were used to arrive at the final design. The 
design was finally qualified as per specifications. 

4.1. Theoretical analysis 

The finite element displacement method was used for the theoretical analysis of the 
satellite structure idealising it as an assembly of flat triangular and frame (uniform 
and tapered) elements. Use of conventional methods of analysis is, obviously, ruled 
out in the case of a complex structural system such as the present satellite. The loads 
on the structure mainly arise from the subsystem packages and the self weight. In 
the analysis, these loads were idealised as equivalent loads/inertias. 

The structure was analysed first for its overall static and dynamic behaviour. Then 
the important structural elements such as the top plate, the deck plate and the 
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Development of satellite structure showing finite element idealisation and nodal numbering. 
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antennae were studied in detail. The boundary condition for analysis assumed full 
fixity at the four lug positions. 

Figure 3 gives, as a demonstrative example, the development of the surface of the 
satellite structure showing the finite element idealisation with element and node 
numbering. It may be worthwhile to mention here that the handling of the matrix 
equations, which the application of the finite element method finally leads to, needs 
special purpose computer programmes for reducing computer time and storage. 
Matrix properties such as symmetry, banded nature and sparseness need to be fully 
exploited. An automatic node numbering scheme was used when necessary for the 
re-numbering of nodes of the finite element analytical model to achieve minimum 
bandwidth of mass and stiffness matrices. Special purpose solution and eigen value 
programmes were employed for bending and vibration studies. 

The analysis was carried out for static deflections and stresses for different loads, 
i.e., lateral and longitudinal acceleration loads, and other loads due to spin and non- 
uniform heating in orbit. The stresses and displacements were found to be well 
within the allowable limits. The axial/in plane compression induced in the structural 
members was found to be too small to have any significant influence on their stiffness. 
The local and overall buckling behaviour of the structural elements was also calcu¬ 
lated and the high margin of safety against buckling ascertained. 

Vibration studies were also conducted on the structure. The results were used 
both to provide design data and as an aid to experimental studies. The frequencies 


Table 3a. Some results of theoretical analysis (statics) 


Description 
of the part 

Loading 

Maximum displacements 

Direction Magnitude 

(mm) 

Maximum 

stress 

(kg/mm 2 ) 

Top part 

Lateral 

* 

-146 

5*14 

n x =n y =—8 

y 

-146 




z 

— 1*08 



Axial 

X 

-0*03 



* z =-13 

y 

-0*03 

0*62 



z 

-001 



Thermal 

X 

-0-25 




y 

-0*25 

0*46 



z 

-0*37 



Thermal and spin 

X 

0*25 



(90 rev/min) 

y 

0*25 

0*57 



z 

-0*38 


Bottom part 

Lateral 

X 

-0*90 


n x ~ny= — $ 

y 

-0*94 

5*79 



z 

1*24 



Axial 

X 

-0*07 



n z = — 13 

y 

0*08 

9*36 



z 

-0*14 


Complete 

Lateral 

X 

-0*58 

11*04 

structure 

n x —n y =—8 

y 

-0*60 


z 

-0*38 



Axial 

X 

0*01 



13 

y 

0*01 

16*44 



z 

9*23* 



*At centre of top plate 
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Table 3b. Some results of theoretical analysis (dynamics) 


Description of Boundary Natural frequency (Hz) in different modes 

the part condition 1 2 3 4 5 6 


Top trapezoidal 
panels 

Simply 

supported 

Rectangular 

panels 

Simply 

supported 

Top octagonal plate 

Simply 

supported 

Bottom trapezoidal 
panels 

Simply 

supported 

Antenna 

Cantilever 

Top part of structure 

Clamped at 
deck plate level 

Complete structure 

Clamped at 
lugs 


34.0 

71*0 

93-0 




230 

56*0 

90*0 




26*0 

73*0 

134*0 




46*0 

35*3 

103*0 

134*3 

127*0 

324*3 




36*98 

37*0 

41*2 

41.3 

54*6 

54*6 

26*0 

37*0 

41*0 

55*0 

56*0 

61*0 


of the unstiffened structural panels, for example, were found to be close to the whole 
structure fundamental frequency which is known to be undesirable for sound dynamic 
performance. The stiffening of the panels raised these element natural frequencies 
to the desired levels. 

The onboard antennae vibration performance, the tip deflections and the stresses 
under specified root excitations were studied in detail. These confirmed the margin 
over dynamic envelope of the heat shield of the rocket carrier. Some important 
results from the theoretical analysis are displayed in tables 3a and 3b. The results 
for stresses and displacements for only a few important loading conditions are 
presented. Detailed analysis of the top part and bottom part of satellite was 
performed separately before the final analysis of the whole satellite structure. The 
results of these analyses showed, in general, that the stresses were well within the 
permissible limits. The results of free vibration studies are presented in table 3b. 
The structural element frequencies which were initially found to be rather close to 
the system frequencies, were raised by providing suitable stiffeners. 

4.2. Experimental studies 

Apart from the theoretical studies described above, detailed experimental studies were 
conducted on the satellite structure both in the developmental phase and later during 
the final qualification. Table 4 summarises the various tests conducted on the satellite 
structure to simulate the static and dynamic loads expected on the satellite at 
different stages such as ground handling, transportation, launching and orbital life. 

These test specifications were based mainly on the launch vehicle data. The proce¬ 
dure for testing was arrived at after considering the nature of specifications and the 
type of test facilities available in India. Thus, the static acceleration loads were 
simulated using a whiffle tree system of loading. The dynamic tests were done 
mainly using sinusoidal sweep test on an electrodynamic shaker. A road test was 
conducted to simulate the low frequency vibratory loads during transportation. The 
satellite was also tested on the spin table for different spin rates (see figure 4, plate 1). 
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Table 4. Structural tests on Aryabhata 


Test What it simulates Test conditions 


Static tests 
Handling tests 
Separation test 
Lateral axis test 

Longitudinal axis loading 
test 

Dynamic tests 
Lateral axes vibration tests 
Longitudinal axis test 

Transportation test 

Spin test 


Ground handling loads 
Shock load during separation 
Loads during transportation 

Orbital injection 

Dynamic loads during transpor¬ 
tation and orbital injection 

Transportation from Cosmo¬ 
drome to launch pad 

Load due to spin during orbital 
flight 


3 g 

12 g 
8 g 

13 g 

5 to 1500 Hz, 0-2 to 10 g 
sweep rate: 0-5 octaves/min 

Road test: truck speed— 

20 km/hr 

duration =2 hr 

5 min each at 60, 90 and 101 
rev/min. 


4.3. Test procedure and results 

The test specifications and the corresponding load factors are included in table 2. 
The first series of tests (static as well as dynamic) were on a developmental (or 
'experimental’) model. These tests were useful to gain experience in the testing 
techniques and also for obtaining some preliminary design data. 

Detailed structural tests were then conducted on a mechanical mock-up which 
simulated the satellite in all its mechanical properties. The spin test on a spin table 
was conducted, followed by vibration tests and static tests. The low frequency 
vibration test was simulated later by a road test as shown in figure 5. During this 
test the input acceleration levels were measured and the peak input acceleration 
level was within 1 g. Inspection of the satellite after the test showed no damage 
to the structure. The model was later transported to the USSR, mated with the 
rocket to ensure mechanical compatibility and brought back and inspected to 
check for any damage due to transportation loads. 

Vibration tests on prototype-I were conducted using an electrodynamic shaker as 
shown in figure 6 (plate 2). Initially, a resonance search test was conducted along 
the three axes, X> Y and Z to determine the natural frequencies of the structure. 
The acceleration levels at a number of stations on critical sub-system boxes and 
at important points on the structure were recorded. A special fixture was used 
for the Z-axis vibration test and a stiffened plate fixture for X and Y axes tests. 
The resonance search test was followed by resonance dwell tests at critical resonance 
frequencies. Some important results obtained during resonance search tests are 
listed in table 5. The vibration test brought out certain minor inadequacies in the 
dynamic properties of the structure. For example, near the top octagonal plate, 
the transmissibility level was found to be very high and hence it needed stiffening. 
Certain other modifications such as strengthening the tape recorder fixing table, 
improvements in the cable harness, etc., were also made. 
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Figure 5. Schematic diagram of the set-up for the transportation test on the satellite. 


Table 5. Some results from the vibration tests (Resonance esarch test) 


Accelerometer location 

Axis 

of 

test 

Maximum trans- 
missibility 

level (ftnax) 

before after 

modifi- modifi¬ 
cation cation 

Frequency (Hz) at 

/*max 

before after 

modifi- modifi¬ 
cation cation 

Centre of top octagonal panel 

X 

8*7 


144*0 



y 

6*7 


17, 75 






120 



Z 

>10 

11-0 

60, 80 

125 





200 


Top octagonal edge 

X 

5*0 


15, 142 



y 

16*6 

6*0 

130 

15 


z 

4*0 

4*6 

140 

13 

On antenna tip 

X 

11*4 


15-40 






95-170 



y 

10*0 


17. 34 






120, 280 



2 

10*0 


32, 140 


On horizontal angle of 






deckplate framework 

X 

12*7 


17, 120 






180 


On the X-ray package box (top) 

2 

15*0 


72 



X 

11*5 


75 



y 

9*0 


67 


On nozzle tip 

z 

20*0 


100-105 


On box EX 13 (deck plate centre) 

X 

12*5 


85 



y 

22 


83 



z 


5*8 


75 

Natural frequencies 






Mode 1 2 


1 4 

5 

6 



Frequency (Hz) 32(z) 38(z) 42(L) 53(L) 64(z) 67(L) 

(z) Axial vibration 

(L) Lateral vibration 
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Moreover, since a later model (Prototype-Ill) was fitted with a different version 
of the bottom shell, qualification of this for structural loads was necessary. Hence, 
a sinusoidal sweep test was conducted after making the required modifications. The 
results of these tests showed that the satellite design was sound against dynamic loads. 
A typical graph showing the measured response is shown in figure 7. This provides a 
good estimate of various transmissibility levels (j3) with respect to the corresponding 
frequencies at a particular point. 

The static tests were conducted on Prototype-I as per the specifications shown in 
table 2. The schematic diagram of the whiffle tree system of loading used for simu¬ 
lating the static acceleration loads is shown in figure 8. This system of loading applies 
the load on the satellite at individual points at various planes of the satellite. Through 
levered linkages all the loading points are connected and coupled to the final loading 
system. The accuracy of the load distribution was checked by means of load cells 
located at selected positions. During the tests, strains were measured at different 
points on the structure. The measured strains and the results of the detailed inspection 
after the test indicated that the structure was quite safe against static loads. The 
maximum stress was 650 kg/cm 2 which was well within the design stress. The results 
of the static tests conducted to simulate the separation shock load and the handling 
loads also showed good margins of safety. 

Thus the results of different structural tests together with those from the theoretical 
analysis established the confidence in the design. 


5. Materials and fabrication 

Apart from the primary consideration of high strength/weight ratio, the structural 
materials used in the satellite have also to be non-magnetic, as the presence of magne¬ 
tic materials affects the accuracy of the onboard magnetic sensors. Further, the 
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lesser the magnetic moment, the slower does the spin decay which, in turn, enhances 
the useful life of the satellite. From these and other important considerations like 
availability and fabricational ease, high strength aluminium alloys were selected and 
used in the Aryabhata structure. The heat treatability, high thermal and electrical 
conductivity, satisfactory performance at high temperatures and weldability were 
some of the other important considerations in the selection of these materials. 

The entire structural fabrication work was entrusted to the Helicopter Division of 
Hindustan Aeronautics Limited, Bangalore. The structural assembly consisted of 
three sub-assemblies, namely, the top-shell, the deck-plate and the bottom shell. 
The top-shell was fabricated mainly with sheet metal parts by bending, forming and 
welding. The top-shell was assembled by rivetting with the help of simple jigs for 
maintaining assembly dimensions and tolerances. 

The bottom shell, on the other hand, consisted mainly of welded sheet metal part. 
Wherever possible, rivetting was carried out after welding (argon-arc) to reduce 
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Table 6 . Physical parameters 


Overall weight of the structure (without fasteners) 

93*7 kg 

CG height (from base) 

414*6 mm 

Moments of inertia (theoretical) I xx 

24*54 kg m 2 

Iyy 

24*57 kg m 2 

Izz 

28*74 kg m 2 

Total surface area 

62,265 cm 2 

Minimum projected area 

13,800 cm 2 

Area covered by solar cells 

36,800 cm 2 

Overall height 

1,164 mm 

Equivalent diameter for structure 

1,590 mm 

Tip to tip distance with antennae 

2,149 mm 

Dynamic envelope of antenna 

2,190 mm 


shrinkage and the shrinkage stresses on the rivets. A welding jig was designed and 
fabricated specially for this purpose giving due allowances for welding shrinkages. 

To cater to the requirements of the thermal design, the parts were given necessary 
surface treatments (anodising, polishing etc.,) before assembling. Aircraft standards 
were followed for dimensional tolerances, welding and rivetting and material inspec¬ 
tion of structural components. The details of the physical parameters of the satellite 
structure (flight model) are listed in table 6. 


6. Concluding remarks 

To summarise, the structural design of the satellite Aryabhata satisfied all the func¬ 
tional and other requirements. The cut-out and other provisions fully met the needs 
of different sub-systems and of integration. No special problems were encountered 
during integration, assembly, handling and mating operations. The actual flight 
performance of the satellite has proved the soundness of the design. The good 
magnetic cleanliness of the structure, for example, has helped to extend the useful 
life of the satellite by greatly slowing the rate of spin decay. 
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Plate 2 



Figure 6. Satellite on the vibration table 









